As one kind of porous medium, even without external loading, concrete material is still possible to be damaged by the internal pore pressures, such as hydraulic, crystallization and cryosuction pressures during freezing and thawing cycles (FTC). In this paper, a mesoscale model using Rigid Body Spring Method (RBSM) is developed to simulate the deformation behaviors of concrete under FTC cycles. On one hand, the macroscopic material is divided into small rigid elements of mesoscale; on the other hand, the microscale internal pore pressures are regarded as average values in mesoscale based on poromechanical theories. The constitutive relation is also developed to reflect deformation compatibility between porous body and ice-water system. Finally, the internal cracking and residual deformation are simulated for mortar and concrete using RBSM, which are found in a good agreement with previous experimental data.
Introduction
Frost damage is an important issue for concrete structures, and has been studied for several decades. Katsura et al. (1999) proposed a mechanism considering the dynamic hydraulic pressure due to instantaneous volume expansion as a result of supercooling, and a damage model was also developed based on this mechanism (Katsura et al. 2000) . Kaufmann (2002) developed a qualitative sequential damage model, separating a freeze/thaw cycle (FTC) into five phases and discussed in detail. Fagulund (2002) discussed the different effects between open and closed moisture conditions, and the effect of saturation degree. Hasan et al. (2004) measured the deformation of concrete cylinder subjected to 300 cycles in the open test, in which the peak strain and residual strain showed a continually increasing behavior. However in the closed test of mortar slices (2mm thick) conducted by Sicat et al. (2013) , there was expansion during first few cycles, and converted to contraction as the number of cycle increases. In order to explain this reversing phenomenon in closed test, the authors developed a physical model to estimate the internal pore pressure quantitatively (Gong et al. 2015) , by combining Powers' hydraulic model (1949) , Coussy and Monterio's poromechanical model (2008; Errata 2009 ) and Scherer's crystallization/cryosuction model (2005) together. In that model, most of the influential factors can be considered, such as cooling rate, saturation degree, material properties (elastic modulus, void ratio, pore size distribution and so on), and also the damage accumulation (reflected by the permeability change) after each cycle. Therefore, it is possible to estimate the internal pore pressures under different conditions, and apply those pressures as an input to the mechanical simulations.
After achieving a more flexible and comprehensive pressure model, the estimated internal forces will be introduced into Rigid Body Spring Model (RBSM), a discrete numerical model to simulate the deformation and damage (Kawai 1977) . Mesoscale analysis is relatively more precise to simulate each component (mortar, aggregate and their interfaces) in the concrete. In addition, this discrete model has advantages to show the cracking, which eventually causes failure. Previous researchers have used RBSM to simulate the concrete materials under static loads (Nagai et al. 2004) , fatigue loads (Matsumoto et al. 2008) and also the mechanical properties of frost damaged concrete (Ueda et al. 2009 ). Due to its advantages in modeling of the cracks, the frost damage related durability problems such as moisture transport and chloride migration can be also simulated using RBSM . Frost damage also affects the resistance to other impacts like the mechanical loads and environmental impacts and may result in structural failure. Therefore, it is beneficial to develop a numerical model based on RBSM to simulate the degradation process of concrete under FTC.
Since this work will investigate the frost damage from a mechanical point of view, the mechanical parameters (such as maximum tensile strain, residual strain, residual stiffness, residual strength and so on) should be paid 1 more attention. Although there are other indexes to evaluate the frost damage (pore structure change, permeability change and so on), according to this study, the mechanical parameters are more obvious and easy to be used. In addition, Hasan et al. (2004 Hasan et al. ( , 2008 has demonstrated that the residual deformation can be a good index because it can link other variables (stiffness, strength and so on) satisfactorily, and according to the authors' previous studies Gong et al. 2013) , the residual deformation has a close relation with the maximum tensile strain (caused by the maximum volume expansion), which occurs at the lowest temperature. The authors' studies also show that the tensile strain is developed suddenly by supercooling and increases further as temperature decreases until the lowest temperature. But the maximum tensile strain is much larger than the strain developed by supercooling. Therefore, in this paper the static volume expansion will be regarded as a main index for the evaluation of damage of non-air entrained concrete with or without continuous water supply.
In this paper, based on the pore pressure model developed in the previous work, the constitutive laws for the concrete material (porous body) and the ice-water system will be developed, especially for the RBSM. And two types of experiments will be simulated and compared with test data; one is the mortar and mortar-aggregate interface in closed test up to 30 FTC and the other is the concrete cylinder in open test up to 300 FTC. Finally the results will be discussed in detail.
Method of analysis
The detailed features and advantages of RBSM on the concrete modeling can be found in Nagai et al. (2004) . For every two adjacent elements, there are two springs connecting them: normal spring and shear spring, which are placed at the boundary of the elements (see Fig. 1 ). Each element has two translational and one rotational degree of freedom at the center of gravity. The normal and shear moduli are calculated by assuming a plane stress condition as follows (Nagai et al. 2004 ):
where k n and k s are the stiffness of normal and shear spring; E and ν are the elastic modulus and Poisson's ratio of the element (either mortar or aggregate), respectively. In case of the springs on the mortar-aggregate interface, the stiffness is given as a weighted average mortar and aggregate element:
where the subscripts 1 and 2 represent the mortar and aggregate elements respectively, and h is the length of the perpendicular line from the center of gravity of element to the boundary. For the normal springs of porous body (mortar and interface), a normal distribution was assumed for the tensile strength to increase the heterogeneous performance (Nagai et al. 2004) :
where f t is the tensile strength of the element, and for f t <0, set f t =0; μ is the average value of f t ; and s is the standard derivation. For the shear spring of the mortar, the following criterion is adopted (Nagai et al. 2004) :
where σ is the normal stress. And for the interface between mortar and aggregate, the shear criterion follows (Kosaka et al. 1975) :
where φ and c are constant values. When fracture occurs in the normal spring, the shear strength should also reduce as the crack opening width increases.
Constitutive model
According to the existing theories of frost damage, there are mainly three kinds of pressures responsible to the material deformation, that is, the hydraulic pressure (p h ) due to ice volume expansion (Powers 1949; Coussy and Monterio 2008; Errata 2009) , the crystallization (p c ) and cryosuction (p l ) pressures due to the thermodynamic equilibrium between ice crystal and unfrozen water (Scherer 2005) . Among those three pressures, the hydraulic pressure itself also depends on the material deformation, which needs to be considered in a nonlinear constitutive model; crystallization and cryosuction pressures only depend on the pore structure and temperature, which can be applied as a boundary condition to the mechanical model at the last. 
Mechanical model
The constitutive relation for the normal spring under the cyclic freezing/thawing stress has been discussed in the authors' previous paper as shown in Fig. 2 . Different from the external loading, the hydraulic stress during freeze/thaw itself is also depending on the material's deformation. For example, in Fig. 2(b) , after pore stress exceeds the tensile strength (f t (1) ), the final equilibrium can still be achieved at ε ta (1) . This is because as the porous body continuously expands, the hydraulic pressure will decrease linearly as in Fig. 2 (a) (if assuming an elastic behavior for ice and water). Therefore, the stress-strain condition under each certain freezing condition is the intersection point of Fig. 2 (a) and (b) . After each cycle, the vertical axis should be moved rightward, which means an initialization of the strain but with degraded properties (residual tensile strength and elastic modulus), thus the damage accumulation in multiple FTCs can be modeled.
The softening part of the stress-strain curve in Fig. 2  (b) is simply taken as a linear relation, with minimum number of parameters that need to be assumed (k n (1) , f t
and ε max ). This relation can ensure good simulation under external loads such as compression, tension and bending. However, previous researches on concrete deformation under FTC showed a large variance (Hasan et al. 2004; Sun and Scherer 2010a; Sicat et al. 2013; Kaufman 2004; Johannesson 2010 ), which might be because different materials and test procedures were used. In order to make a comprehensive model which can simulate most of those results, the input variables are separated into two groups: (1) the environmental variables, which finally lead to the calculated pore pressures; (2) the material's behavior, such as the magnitude of residual deformation (ε pf (n) ) caused by a certain level of maximum deformation (ε ta (n) ). The calculation of pore pressures will be discussed in the next section, while the differences among material's responses can be reflected by ε pa , that is, once the maximum deformation (ε ta (n) ) is given, how much residual impact (ε pf (n) ) will be caused is mainly depending on the value of ε pa . Inversely, the value of ε pa can be determined according to ε ta (1) and ε pf (1) from the first cy- 
where k p is the slope of the softening curve (absolute value) and ε 0 is the strain corresponding to the tensile strength (usually equals to 150μ). Then combining the two equations above and eliminate x, there is,
According to Nagai's RBSM model, for an average element size of 2.5mm, ε max is around 12000μ, then k p will be much smaller compared to k n . Therefore,
can be approximately equal to f t (1) , which means Eq. (7) can be simplified as:
From Eq. (8), once the maximum strain and residual strain of the first cycle are known from each experiments, ε pa can be estimated ( Table 1) . From Fig. 2 (b) , ε pa can be also estimated by the residual stiffness (k n (n+1) ) and residual strain (ε pf (n) ) of a certain cycle n, like Hasan's test (Hasan 2004; Ueda 2009 ).
( 1) ( )
Deformation under freeze/thaw stress
For a fully saturated concrete material, according to the poromechanical theories, the volume expansion during ice formation ΔV/V should be balanced by the volume change of each phase:
where ε p , ε C and ε L are the volume strain of the porous body, ice and liquid water, respectively. Assume an elastic behavior for ice and water as:
where p h is the hydraulic pressure in pores; φ is the void ratio; ψ C is the normalized ice content; ψ L =1-ψ C is the liquid water content; K C and K L are the bulk moduli of the ice and water, respectively. The pore pressure that in terms of the effective stress (σ w , which is an average stress on the porous matrix caused by pore pressure) can be expressed as (Coussy 2005) :
where b=2 φ/(1+ φ) is Biot coefficient (Coussy 2005) .
Since the volume expansion is in proportion to ice content, which is ΔV/V=0.09 φψ C , and also the volume strain of porous body approximately equals to 3 times of the one-dimensional strain under uniform expansion (ε p =3ε x ), then Eq. (10) becomes:
Eq. (13) describes the internal effective stress σ w in relation to the strain of concrete material (ε x ), therefore, in Fig. 2(a) , the value σ 0 can be determined when ε x =0, which is:
Eq. (14) is actually the same as Coussy and Monteiro's model (2009) in which the deformation of porous body was neglected. And the stiffness k w in Fig. 2 (a) can be determined from Eq. (13):
The above constitutive laws for both porous body and ice-water (like Eq. (13)) show a series relation, in which the total increased volume is balanced by two springs. The series agrees with the physical process but is inconvenient for making the total stiffness matrix, especially for the iteration in the nonlinear analysis. However, the series spring system with input strain can be transformed into the parallel spring system with input stress, which can be proved mathematically. From Fig. 3 , once the volume increases due to ice formation, an initial effective stress (σ 0 ) will generate inside the spring of ice and water (like in a pre-compressed condition), then the ice-water spring will start to expand but at the same time it will be confined by the spring of porous body. As the porous body continues to expand, the pre-stored stress in ice-water spring will release linearly while the stress in the porous body spring will change nonlinearly according to Fig. 2 (b) , until the two spring stresses reach an equilibrium. Therefore, during this process, the initial stress is applied inside (without external forces), and finally the stresses in two springs must be the same but at opposite signs (porous body is in tension but ice and water are in compression). This model can describe the real physical process well but is not convenient for the numerical simulation, especially when external load (mechanical load) is also applied outside of two springs. As shown in Fig. 3 , it can be proved mathematically that the final states of spring for porous body are the same when σ 0 is directly applied outside on two springs. Then the spring of ice-water will only act as an aided tool to get the correct status of the porous body, but with less physical meaning. Since the main target is to find the deterioration of the porous body, this transformation has no effect on the porous material and on the contrary, the internal effective stress can be treated as an ordinary external load. In addition, this parallel system can automatically provide a changing load on the porous body. Then the numerical analysis can be conducted by simply adding another stiffness matrix:
where [K p ]and [K w ] are the stiffness matrix of the porous body and ice-water system, respectively. And the load boundary condition {F 0 } can be calculated using {σ 0 }:
where [B] is the deformation matrix in RBSM analysis. Since the internal effective stress is a volume stress, it can be considered only applied on the normal spring, then finally the element stiffness matrix would be: 
3.3 Estimation of pore pressure As discussed before, three kinds of internal pore pressures should be taken into consideration. For the crystallization and cryosuction pressure, Sun and Scherer (2010a) gave their forms as:
where ΔS fv ≈1.2J/cm 3 K is the molar entropy of fusion; λ is the pore shape factor (Sun and Scherer 2010b) , and according to Sun's test, the shape factor can be regressed as follows :
Eq. (19) is also applicable for the unsaturated cases, however, for the hydraulic pressure, the saturation degree also affects its value significantly. A time-dependent hydraulic model has been developed by the authors , which combined both Powers' hydraulic model and Coussy and Monterio's poromechanical model. Then, for the partially saturated cases, σ 0 in Fig. 2 (a) can be calculated as:
Eq. (21) means part of the increased volume by ice formation will be confined by the porous material, but the rest will flow away to bigger pores according to Darcy's law, then the cooling rate, saturation degree and the permeability of material will also affects the hydraulic pore pressure. The detailed mechanism was explained in authors' previous paper (Gong et al. 2015) , the meaning of each parameter is as follows:
where r E means an average size of the empty space (pores bigger than r 0 is assumed empty under a given saturation degree), v(r) is the pore size distribution and the critical radius r 0 can be determined according to the saturation
1/3 represents the influential volume of Darcy's law. A=4πr E 2 and V=4/3⋅ πR E 3 are the geometrical parameters. Eq. (22) can also be applied to the material with air-entrainment agents, in which r E can be regarded as the average size of entrained air, and R E can be seen as the average spacing factor. There are limited ways to measure the ice content inside the concrete, such as the thermoporometry (Sun and Scherer 2010a; Johannesson 2010 ) and electronic method (Cai and Liu 1998; Katsura et al. 1996) . Among those experimental data, Sun's test (2010a) is chosen to give general characteristics of ice forming and melting process, because the experiments were more precisely controlled and the results can correlate different variables reasonably and comprehensively, such as the ice content, pore shape, pore size distribution and deformation. The calculation of crystallization pressure in Eq. (19) also needs the information of ice content and pore shape σ is generated internally from the ice-water spring (b) stress 0 σ is applied on two springs from outside.
factor at the same time, which are difficult to be found in other literatures. In addition, the majority of formed ice is in the smaller pores (r < 100 nm), of which the normalized pore size distributions are very similar among different W/C ratios . Therefore, the ice content of fully saturated specimen can be empirically regressed based on Sun's DSC data (2010a) , in regarding to the temperature: 
Here the ice-temperature relation (Eq. (23)) does not consider the supercooling effect, which was also thought as an important damage mechanism (Katsura et al. 1999; 2000) . It is because that the damage is evaluated by the residual strain and maximum tensile strain in RBSM, and the current mechanical model is a time-independent model, which means the loading history does not affect the maximum deformation, but only the maximum freezing stress at the lowest temperature does. Therefore, the sudden deformation at supercooling temperature will not affect the maximum tensile strain at the lowest temperature, thus will not affect the final damage (evaluated by residual strain). Besides, it is difficult to find an exact empirical estimation of the supercooling temperature and the amount of instantaneously formed ice. And also according to some studies (Scherer 1993 (Scherer , 1999 Sun and Scherer 2010a) , the supercooling effect may only be significant in the lab test with small size of specimens, and may not be very significant for the real structures on site. Nevertheless, if there is enough entrained air so that the static hydraulic pressure can become insignificant, then the instantaneous pressure due to supercooling will become the main reason for the damage, and this supercooling effect can also be considered in the proposed model by adopting the corresponding ice-temperature curve. However in this paper, since the purpose is to simulate a rather serious damage (no air-entrained agent or continuous water supply), the instantaneous increase in hydraulic pressure is much smaller than the final static pore pressure, the supercooling effect is then not considered.
Mesoscale simulation
The numerical model is conducted to simulate previous experiments, that is, the saturated mortar and mortar with single aggregate in closed test (40mm×40mm×2mm square slice), as well as the concrete cylinder (Hasan et al. 2004 ) in open test (100mm×100mm×200mm). The 2D models are developed with the size and boundary conditions shown in Fig. 4 . The input material properties are chosen according to those experiments and also some are from the empirical values (Table 2) Fig. 4 (c) is for the open test under 300 cycles, and the cooling rate is around 7.5 o C/h with lowest temperature of -20 o C. Here the temperature and moisture distribution are assumed uniform because the size of specimens is small in Sicat's tests. Even for bigger specimens in Hasan's tests, the measured temperatures at different locations inside the concrete cylinder still showed uniform distribution (Hasan et al. 2004) . Since the FTC test was conducted directly after a long time of water curing, and also there was continuous water supply during the test, the moisture condition can be considered as uniform distributed as well. Therefore, the moisture movement and temperature difference are insignificant in the simulation model, and once the environmental conditions are given, the internal stress should be the same on all the normal springs, but only exits in the mortar and mortar-aggregate interfaces, because the ice formation in the aggregates is neglected .
For the closed test, moisture content is constant, so the permeability is the main influential factor for the material deformation. It has been proved in previous study that the permeability of concrete materials would increase significantly after frost damage (Yang et al. 2006) . And also by assuming proper changes in the permeability, the experimental observations can be simulated nicely and quantitatively by the developed pressure model (Gong et al. 2015) . However, it is still difficult to predict the change of permeability precisely due to the two reasons: one is because the freeze-thaw experiment itself varies case by case , and another is that the permeability of cementitious material is very small ) and difficult to be measured; in addition, it is not clear whether this increment is due to better pore connectivity or internal cracking, and in which scale. Therefore, the permeability change needs to be investigated in detail, which will be conducted in the future. Since this paper mainly focus on the mechanical analysis, the permeability change will be treated as an output, because only proper values can match the complex deformation in the experiments.
For the open test up to 300 cycles (Hasan et al. 2004 ), the permeability is no longer the key factor, because it can reach a large enough value in a few cycles, by which the Darcy's flow becomes quick enough to avoid damage. However, with continuous water supply in open test, the saturation degree will increase and the entrained or entrapped air will be filled up gradually. Even the water in smaller pores can move to the empty space completely freely, there is still no enough space to hold the additional volume. Therefore, for the open test, the Darcy's flow is ignored and it becomes a pure poromechanical problem. Then Eq. (21) becomes:
The water uptake was measured by Fagerlund (2002) during the open freeze-thaw test, which showed an increasing behaviour but with decreasing speed. According to Hall (1989) , the cumulated water absorption increases almost linearly with the square root of time. Therefore, the saturation degree change in the simulation can be assumed as:
where Sr 0 is the initial saturation degree when the test started, which is assumed as 0.98 considering some entrapped air. N is the number of freeze thaw cycles and the speed of saturation degree increment is controlled by factor a, which has the similar meaning as sorptivity. The driving force of this water uptake is no longer the capillary absorption because the specimen is almost saturated at the beginning so the capillary pressure is quite small inside the material. However, if a temperature gradient exists from the surface inwards, the crysuction pressure (p l ) is not uniform according to Eq. (19) . Thus there will be a pressure gradient in the unfrozen water:
Since ψ L =Sr-ψ C , and ψ C can be written as a function of temperature as Eq. (23). Then Eq. (27) 
Then according to Darcy's law, the water flow (m/s) is:
From Eq. (28) and Eq. (29), the water flow (q) mainly depends on the temperature, which can be obtained by solving the heat transfer equations. If taking an average value of the water flow during one FTC as q , then the total amount of water flowing into specimen during one cycle should be:
where A C is the area of the concrete wet surface and t is the duration of one cycle. Then the increment of saturation degree becomes:
where V A is the volume of the pores. The water flow can be calculated by numerical analysis such as FEM, but here for convenience, the average flow ( q ) can be taken from Jacobsen's measurements (2004) -4 . Although it seems that water uptake is constant for each cycle from the discussions above, it is easy to imagine that the entrapped air should become more and more difficult to be extruded out as saturation degree continuously increases. In addition, the water flow measured by Jacobsen was also during the first several cycles. Therefore, Eq. (26) is still reasonable and the value of a can be chosen as 2×10 -4 .
Results and discussions

Mortar in closed test
For the closed test of mortar (30 cycles), the real time deformation is calculated based on the time-dependent internal pressures. Figure 5 shows the simulated deformation of two cases and the comparison with experimental measurements. And the change of permeability can be estimated in such a way that the simulated deformation matches experiments well. For the case in Fig.  5 (a) , the contribution of each pressure in the total effective stress is shown in Fig. 6 for a better understanding of the strain development. It can be seen that both Fig. 5 (a) and (b) show the same tendency, that is, the total internal pressure is positive at the beginning but as the hydraulic pressure is reduced due to cumulated damage, the total pressure changes to negative after a few cycles (see Fig. 6 ), thus the deformation also converts from expansion to contraction. The increasing residual strain of each cycle can be simulated based on the constitutive laws presented in Section 2.1, which will continuously increase if there is still expansion but should become constant if it converts to contraction. Fig. 6 The contribution of each pressure in the total effective stress (w/c=0.5, fine aggregate=754kg/m 3 ).
residual strain under cyclic compressive effective stress at last, and it is thought to be effect of creep, which has not been taken into consideration at this moment. The stress-strain history of two components (porous body and ice-water system) is shown in Fig. 7 , from which it can be seen that the damage accumulation mainly occurs at the first two cycles. The total inputted effective stress (Fig. 6) will be shared by porous body and ice-water system together as discussed in Fig. 3 (b) , therefore, during the freezing process of each cycle, the inputted stress during freezing can continuously increase even after exceeding the material's tensile strength, because the additional part can be shared by the ice-water system as in Fig. 7 (b) . The hydraulic pressure reduction and the increment of permeability interact with each other reciprocally. For example, if the hydraulic pressure is still high enough to cause damage, the permeability will increase in the next cycle and result in lower hydraulic pressure, and finally a stable status will be achieved in which hydraulic pressure disappears and permeability keeps constant. It can also be seen that the quick increment of permeability does not happens at the beginning. This might be because the initiation of new cracks is usually more difficult than the growth or propagation of existing cracks. That is why several cycles are needed to cumulate a certain level of damage before rapid deterioration starts. Finally, the difference in the increasing speed of permeability (or speed of damage) between Fig. 5 (a) and (b) might relate to the different amount of fine aggregates used in the experiments. Because greater amount of aggregates means less water content and smaller effective internal stress (see Eq. (12)), the speed of damage could be slower.
Mortar-aggregate interface in closed test
The deformation behavior of mortar-aggregate interface is also measured using the same freeze-thaw test . By introducing mechanical properties of the aggregate and interface (Table 3) , the RBSM simulation can be conducted and the simulated deformation of interface is shown in Fig. 8 , together with the experimental measurements. The simulated results matches well with the experiment data for the first few cycles, but then a decreasing residual strain occurs in the experiments, even when the positive stress is still dominant in the simulation. Actually the experiment data itself showed a big scatter after a few cycles, which might be because that size of specimens and strain gages are very small so that the heterogeneous character of mortar could become more significant. For example, if some macro cracks occur during the test (see Sicat et al. 2014) , and the strain gage just covers those cracks, then the measurement would be interfered. Even if the strain gage does not cover those cracks, the local stress condition still might be redistributed. However, the crack opening can be simulated well by the current model, which might be more important for the durability problems under freeze-thaw cycles. The deformation pattern at the peak value during the first cycle is shown in Fig. 9 , from which it can be seen that the mortar elements are almost uniformly expanded while the aggregate elements have insignificant expansion. The deformation compatibility is satisfied by the deformation at mortar-aggregate interface. The interface is usually the weakest point with smaller tensile strength and maximum crack width in the constitutive laws. Then if the expansion in mortar part is too big for the interface to accommodate the deformation, crack would occur at the interface. Therefore, the crack width at the interface might depends on the relative difference of the deformation between mortar and aggregate. Then the following relation could be developed:
where w is the crack width of the interface, ε M and ε A are the strain in mortar part and aggregate part, respectively, and r A is the radius of the aggregates. α (between 0 and 1) shows the constraint effect of the aggregate on the mortar deformation, for example, α=0 means the interface is strong enough that the mortar and aggregate can deform simultaneously; α=1 means the interface is so weak that there is no stress transfer between mortar and aggregate. The magnitude of α usually depends on the material properties of aggregate, mortar and interface, and it will also be affected by the volume ratio of mortar and aggregate, as well as the size of aggregate. From Fig. 10 , α equals to 0.67 for this simulation case.
Concrete in open test
The simulation results of concrete specimen under 300 FTCs with open moisture condition are shown in Fig. 11 . The deformation is enlarged by 200 times in order to show the cracks clearly, from which it can be seen that the crack width in the mortar part is rather uniform and small while the crack opening of interface is much larger, and also bigger aggregates have larger crack width. This phenomenon also agrees with the discussion in Section 5.2. Since the left half of the model contains more big aggregates, it will deform more and finally the specimen will bend slightly to the right. It is difficult to find some direct experimental observation for verifying the defor- 
0.03 N.A. 0.01 Note: (a) for closed test (b) for open test (Hasan et al. 2004) . N.A means the aggregate is assumed not fracture. w max is the maximum crack width. Fig. 9 Crack opening in mortar part and mortar-aggregate interface (deformation enlarged 500 times). mation characteristics shown in Fig. 11 , however, since the behavior of a single mortar-aggregate interface has already been verified in Section 5.2, and previous experimental studies, like Jacobsen's SEM observation (1995) , also shows that all the cracks are developed on the ITZ. In addition, Fig. 11 can be also verified indirectly by the measured total deformation in Hasan et al. (2004) . But of course more direct comparison would be better and this will be improved in the future studies. Figure 12 shows the crack opening at the 100th cycle, it can be seen that larger aggregates have not only larger crack width, but also earlier crack opening. The crack width of mortar-aggregate interfaces varies depending on the aggregate size and the surrounding condition, meanwhile the input material properties is with normal distribution (Eq. (3)), therefore it is difficult to estimate the average width of those cracks. Here some typical locations are chosen and their crack openings during 300 cycles are shown in Fig. 13 . Although all of those selected interfaces give similar increasing tendency, the magnitude could be different. It is difficult to find some direct experiment verification of the crack width at ITZ, however, Jacobsen's SEM observation also shows that all the cracks are developed on the ITZ (1995), and his estimated crack width varies from 5μm (at 31th cycle) to 12μm (at 95th cycle) (1996) . Those crack widths were determined using the average expansion divided by the average crack density, and the crack density is counted manually from a selected area from SEM observation, which actually showed the overall characteristics of all the cracks. In the simulation program, all of the cracks along different size of aggregates can be calculated, which can vary from 0 to several dozens of micrometers. Thus, considering that there are many smaller aggregates compared with the selected ones in Fig. 13 , the average crack width could be smaller than the presented values, therefore the simulated results could have the similar range with the Jacobsen's data.
The overall stress-strain history is shown in Fig. 14 , where the stress means the average effective stress on the porous skeleton due to the average pore pressures and the strain is the average value of the whole concrete cylinder (the total vertical deformation divided by total height of the specimen). Since the pore pressures only exit in the mortar element and mortar-aggregate interfaces, and due to the constraint effect from the aggregates (when the mortar part expands while the aggregate do not expand), the tensile capacity of the whole concrete will be slightly higher than the average input tensile strength of mortar element (4.09MPa). Besides, different from the external tensile loads, the softening stage of concrete under internal freezing stress is rather ductile. It is because the mesoscale cracks are rather uniformly initiated and distributed, and even after the average effective stress exceeds the maximum capacity of material, the expanded ice still can prevent the crack closing, thus the stress release and brittle behavior in the uniaxial tension (Nagai et al. 2004) will not occur under the internal pore pressures. Figure 15 shows the comparison between the simulated and experimental axial strains. It can be seen that the simulated residual strains (a) (b) Fig. 12 Crack patters at 100th cycle (a) cracks width is larger than 0.002mm (b) cracks width is larger than 0.005mm. match the experimental ones well. In Hasan et al.'s paper (2004) , other material property degradation such as elastic modulus, compressive strength, are related to the residual strain (or plastic tensile strain), therefore, once the simulation model can fit the residual strain well, other changes in material's properties could also be estimated.
Conclusions
(1) Mesoscale analysis is conducted to simulate the macroscale damage caused by freeze thaw cycles for concrete materials, in which the microscopic pore pressure is treated as a mesoscale average effective stress by poromechnical analysis. Then a bridge which links the physical change in micro pores and the mechanical behavior in macroscale can be established. (2) The nature of the internal effective stress (an average stress on the porous matrix caused by pore pressures) as well as the deformation compatibility between ice-water and pore structure can be conveniently described by a parallel spring model, and the constitutive laws for each spring is discussed. This parallel system can adjust the applied stress on the spring of porous body automatically if the strain changes. In addition, the strengthening effect by ice can be also taken into consideration. The transformation of internal effective stress to an equivalent external stress makes the numerical simulation much simpler, and has good benefits if mechanical loading is applied simultaneously, which will be conducted in the next study. (3) The closed test for mortar and mortar-aggregate interface, as well as the open test for concrete are simulated using rigid body spring method (RBSM), and compared with previous experimental data, which is found in a satisfactory agreement. The deformation behavior in closed test can be used as an indirect reflection of the permeability change, which might be useful for the durability issues caused by frost action. The result also shows that the mortar-aggregate interface is the most vulnerable part, and its deformation is mainly due to the deformation incompatibility between mortar and aggregate. Bigger aggregate results in larger crack opening. The simulated crack width of the interfaces also has the similar magnitude as previous experimental observations. 
